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Abstract: A novel device design is proposed for a strong enhancement of hole injection current in
nitride-based light-emitting heterostructures. Preliminary calculations show orders of magnitude
increase in injected hole current when using the proposed superlattice hole injector device based on
the real-space transfer concept.
Introduction: Further development of group-III-nitride based optoelectronics requires solution of a
crucially important problem - obtaining highly doped p-type regions, or more precisely, high-
density hole currents. It is well established that the difficulties in achieving high hole
concentrations originate from: (a) the relatively low solubility of the typical acceptors (Mg, Zn, C,
etc.), (b) neutralization of these acceptors by formation of complexes with hydrogen and other
material defects, and (c) most importantly, the deep level of known acceptors (about 250 meV for
Mg in GaN [1]). Fabrication of heavily p-doped device regions is even more difficult to achieve for
AlGaN materials, where energies of the accepter levels are found to be larger [1,2].  To overcome
the low acceptor activation problem, it was suggested [3] that a p-doped ternary compound material
with a spatially modulated chemical composition [e.g., a superlattice (SL)] can enhance the average
hole concentration. Calculations [3] and Hall measurements [4,5] support the idea of improved
acceptor efficiency in Mg-doped ternary SLs: the average hole concentration can be increased up to
one order of magnitude. However the main drawback of this approach is that the most of the holes
ionized from the acceptors are localized inside the quantum wells (QWs), which have potential
barriers as high as 100 to 400 meV.  These barriers hinder participation of the holes in vertical
transport required in typical light-emitting devices.
Proposed approach: To increase the overbarrier hole concentration and the vertical hole current,
we propose a two-terminal hole injector schematically illustrated in Fig. 1(a).
Fig. 1 Schematic illustration for (a) the two terminal SL hole injector and
(b) a light-emitting device with the SL hole injector.
The injector consists of a p-doped SL base and two contacts S and D. The injector is separated from
the rest of the device by an i-region.  A bias voltage applied between the S and D contacts provides
lateral hole acceleration and increases the effective temperature of the holes Th, resulting in an
enhancement of overbarrier hot-hole concentration. This is known as the real-space transfer effect
[6].
In general, a light-emitting device can be thought of as a three terminal device, schematically
shown in Fig. 1(b), with a hole-injector region, an intrinsic barrier i-layer, and an n-doped region,
having a contact C. If a p-doped SL is used as a hot-hole injector, the device can operate as a
charge injection transistor [7]. With the D contact as ground and a positive voltage VS applied to the
S contact, the injector would yield a lateral hole current and heating of the holes. Assuming that a
negative bias VC is applied to the cathode C, then both the hot holes from the SL and the electrons
from the n-region would be injected into the i-layer, as illustrated in Fig. 1(b). Emission of light
would occur in the i-layer as the result of electron-hole recombination.
Parameter estimates: Since the holes in the nitrides have a large effective mass [1], we can assume
that several subbands are populated in the QWs composing the SL. Then, the estimate for the
concentration of the holes moving freely overbarrier is:  nh = ns exp(- Ub/kBTh)/LQW. Here, Ub is the
barrier height, kB is the Boltzmann constant, LQW is the thickness of the QWs, ns is the two-
dimensional hole concentration in the QWs related to the average hole concentration nav in the SL
by the relation ns=nav (LB+LQW), where LB is the thickness of the barriers. The hole temperature can
be found from the energy balance equation: eµh E2 =kB[Th - Tl ]/τ(ε); where e is the elementary
charge, µh  is the lateral mobility of the holes in the QWs, E is the lateral electric field, Tl is the
lattice temperature and τ(ε) is the energy relaxation time for the confined holes.
As a specific example, we consider a GaN/AlxGa1-xN SL with LQW=LB. Let us assume that the
barrier layers are selectively doped by Mg providing an average hole concentration of 1018 cm-3
(this level of acceptor activation has been reported in different experimental papers [4,5]). For the
Al fraction x=0.2, the value of Ub can be found in range 100 - 300 meV, depending on the degree
of accuracy to which the effects of modulation of the valence band by polarization fields are (or can
be) taken into account [4].  Setting Ub = 200 meV, one can estimate that under equilibrium, at
Th=Tl=300 K, almost all ionized holes are confined into the QWs, the concentration of the holes
moving freely over barrier is nh ≈8.6×1014 cm-3.
To estimate the effect of hole heating by a lateral electric field, the magnitude of the lateral hole
mobility should be estimated.  It is known that in the nitride semiconductors the hole mobility is
low: µh ≤ 150 cm2/Vs was measured in the best bulk samples [8]. The hole mobilities measured in
the doped SLs are reported to be less than 20 cm2/Vs. However, the latter values should be
regarded as the hole mobility for the vertical transport and the lateral mobility has not yet been
measured.  It is expected that the lateral mobility is appreciably larger (especially in the modulation
doped SLs) and, at least, comparable to the values of bulk mobility. This behavior is well known
for other III-V and Si/SiGe  heterostructures [9]. Thus, we may assume that in high-quality SL
structures the lateral hole mobilities can reach the values of µh ≈ 50 - 150 cm2/Vs. Estimating the
hole energy relaxation time to be on the order of 10-11 s-1 [10], we obtain that even under very
moderate lateral electric fields of 3 – 5 kV/cm, a hole temperature of about 450 K can be achieved.
This would increase the overbarrier hole concentration above 1016 cm-3, i.e., by more than an order
of magnitude [nh(Th=450K)/nh(Th=300K)>13]. It is easy to see that the hole concentration
enhancement can reach several orders of magnitude when a higher electric field, a larger barrier
height, or a lower lattice temperature is used.
Assuming a reasonable source-drain bias range of 1-3 V, we obtain that the fields necessary to
effectively elevate the hole temperature can be achieved for SLs with the lateral dimensions of the
order of 2 – 10 µm. Scaling down the intercontact distance between the S and D contacts in the
injector will lead to an increase in the hole injection current and will permit reduction in the lateral
bias. A large area hot-hole injector can be achieved by fabricating multiple contacts to the SL in a
sequence of S-D-S-D...
Conclusion: Lateral electric current through a p-doped group-III-nitride SL can appreciably
enhance the hole concentration participating in the vertical transport. Such a SL with properly
designed source and drain contacts providing hole heating can serve as a micron-scale hot-hole
injector for nitride-based light emitting devices. In addition to the enhancement of the vertical
electric current in the device, the hot-hole injector can perform an important controlling function by
modulating, for example, the current through the active region and subsequent light emission.
Planar design of the proposed structure allows integration of the injectors into a microchip and,
consequently, permits an increase in the light emitting area.
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